Hyperpolarization-activated cyclic nucleotide-gated cation (HCN) channels represent the molecular substrate of the hyperpolarization-activated inward current (I h ). Although these channels act as pacemakers for the generation of rhythmic activity in the thalamocortical network during sleep and epilepsy, their developmental profile in the thalamus is not yet fully understood. Here we combined electrophysiological, immunohistochemical, and mathematical modeling techniques to examine HCN gene expression and I h properties in thalamocortical relay (TC) neurons of the dorsal part of the lateral geniculate nucleus (dLGN) in an epileptic (WAG/Rij) compared to a non-epileptic (ACI) rat strain. Recordings of TC neurons between postnatal day (P) 7 and P90 in both rat strains revealed that I h was characterized by higher current density, more hyperpolarized voltage dependence, faster activation kinetics, and reduced cAMP-sensitivity in epileptic animals. All four HCN channel isoforms (HCN1-4) were detected in dLGN, and quantitative analyses revealed a developmental increase of protein expression of HCN1, HCN2, and HCN4 but a decrease of HCN3. HCN1 was expressed at higher levels in WAG/Rij rats, a finding that was correlated with increased expression of the interacting proteins filamin A (FilA) and tetratricopeptide repeat-containing Rab8b-interacting protein (TRIP8b). Analysis of a simplified computer model of the thalamic network revealed that the alterations of I h found in WAG/Rij rats compensate each other in a way that leaves I h availability constant, an effect that ensures unaltered cellular burst activity and thalamic oscillations. These data indicate that during postnatal developmental the hyperpolarizing shift in voltage dependency (resulting in less current availability) is compensated by an increase in current density in WAG/Rij thereby possibly limiting the impact of I h on epileptogenesis. Because HCN3 is expressed higher in young versus older animals, HCN3 likely does not contribute to alterations in I h in older animals.
Introduction
A number of brain rhythms are controlled by HCN channels, the molecular substrate of the pacemaker current, I h (Biel et al., 2009; Kaupp and Seifert, 2001; Robinson and Siegelbaum, 2003; Santoro and Baram, 2003) . The HCN gene family is comprised of four poreforming subunits (HCN1-4) that assemble as homo-or heteromers thereby forming functional channels (Brewster et al., 2005; Chen et al., 2005; Much et al., 2003) . Cyclic AMP (cAMP) rapidly regulates channel opening of HCN2, HCN4, and, to a lesser extent, HCN1 (Biel et al., 2009; Robinson and Siegelbaum, 2003; Wainger et al., 2001 ). The HCN3 isoform appears to be inhibited by cAMP (Mistrik et al., 2005; Stieber et al., 2005) . The expression pattern of HCN isoforms in the mammalian brain displays activity-, age-, region-, and species-dependent differences (Bender and Baram, 2008; Bender et al., 2001; Fan et al., 2005; Kanyshkova et al., 2009; Monteggia et al., 2000; Moosmang et al., 1999; Narayanan et al., 2010; Noam et al., 2010; Notomi and Shigemoto, 2004; Shin and Chetkovich, 2007; van Abbreviations: ACI, August Copenhagen Irish rat; ACSF, artificial cerebrospinal fluid; ATP, adenosine triphosphate; BAPTA, 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid; BSA, bovine serum albumin; C-terminal, carboxy-terminal; cAMP, cyclic adenosine monophosphate; cDNA, complementary deoxyribonucleic acid; Cy2/Cy3, cyanine dyes 2/3; DIC-IR, infrared differential interference contrast; dLGN, dorsal part of the lateral geniculate nucleus; ECL, enhanced chemiluminescence; EDTA, ethylenediaminetetraacetic acid; ELISA, enzyme-linked immunosorbent assay; FilA, filamin A; GABA, γ-amminobutyric acid; GAERS, Genetic Absence Epilepsy Rats from Strasbourg; g h , I h conductance; GTP, guanosine triphosphate; GST, glutathione-S-transferase; HCN, hyperpolarization-activated cyclic nucleotide-gated cation channel; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; IgG, immunoglobulin G; I h , hyperpolarization-activated inward current; I T , T-type Ca 2+ current; LE, Long Evans rat;
LTS, low threshold Ca 2+ spike; MirP1, Mink-related peptide 1; NEC, non-epileptic control rat; NHS, normal horse serum; P, postnatal day; PBS, phosphate buffered saline; PCR, polymerase chain reaction; PFA, paraformaldehyde; RE, reticular thalamic; SD, Sprague Dawley rat; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; SEM, standard error of mean; SWD, spike-and-wave discharge; TBS, Tris-buffered saline; TC neuron, thalamocortical relay neuron; TRIP8b, tetratricopeptide repeat-containing Rab8b-interacting protein; VB, ventrobasal thalamic complex; V h , half-maximal activation voltage; WAG/Rij, Wistar Albino Glaxo rats from Rijswijk. ⁎ Corresponding author. Fax: + 49 251 83 55551. E-mail address: tbudde@uni-muenster.de (T. Budde).
